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This study proposes a PCM enhanced ventilated window (PCMVW) system for ventilation preheating/
precooling purposes for building energy conservation. It is designed into a summer night cooling
application and a winter solar energy storage application using different control strategies. An Ener-
gyPlus model of the PCMVW is built to investigate the control strategies. Next, a full-scale experiment is
conducted to study the working principle of the PCMVW and to validate the model. With the validated
model, the thermal and energy performance of the PCMVW is compared to 2 other ventilation systems
and shows that the PCMVW can greatly decrease the cooling/heating energy demand for both summer
and winter applications. Finally, the paper proposes control strategies for residential applications under
Danish climate conditions. The developed control strategy for summer night cooling application is to use
between-glass reflection shading, ventilate directly from PCM heat exchanger to the roomwhile applying
VW self-cooling for ventilation pre-cooling mode, and heat the room with air from VW to prevent
overcooling of the room. The developed control strategy for winter solar energy storage application is to
use between-glass absorption blind, make use of the hot air in VW, and to cool the VW by self-cooling
and bypass ventilation to prevent overheating of the room. With the developed control strategies, the
building energy saving is up to 62.3% and 9.4% compared to the primitive summer and winter control
strategies respectively.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Many researchers and engineers have successfully applied
phase changematerial (PCM) in building components as latent heat
thermal energy storage (LHTES) systems [1]. Compared to sensible
heat storage systems that change the storage material temperature,
LHTES systems need amuch smaller volume of material to store the
same amount of energy. The latent heat storage systems, especially
PCMs, have recently drawnmuch attention in the research area and
the market, due to their high heat storage ability [2].
The application of PCM in buildings can be divided into passive
and active systems. The passive systems with PCMs for building
applications include PCMs in thewallboard [3e7], roof [8], concrete
system [9e11], glazing [12,13], shading [14], and furniture [15,16].
Those passive systems have a slow response to the heating andLtd. This is an open access article ucooling needs and are usually used as auxiliaries for the building
environment. The active systems with PCMs involve water, air, or
other media to accelerate the heat charge and discharge processes
of PCMs. These systems have a shorter response time and
contribute to a better heat transfer coefficient by replacing the free
convection by forced convection. Active PCM systems include PCMs
in the ceiling [17], floor [18,19], double-skin façade [20], ventilated
window [21], domestic hot water systems [22], and HVAC system
[23]. The systems are used for building heating or cooling proposes,
usually operating in combination with ventilation or water system.
Building energy systems can benefit from the PCM application
when adopting renewable energy as heat or cold sources. The
stored energy can be used to create a good indoor environmental
quality and save the building energy. One of the most common
renewable energies for TES is solar energy. Solar energy has to be
stored as it is highly dependent on the outdoor climate conditions
during the daytime. PCM has been used as the storage medium in
most of the cases, due to its high energy storage ability. The con-
ventional PCM solar energy system includes a PCM tank, a solarnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Y. Hu et al. / Renewable Energy 155 (2020) 134e152 135collector, and some heat transfer fluid between the solar collector
and the PCM tank [24,25]. PCM can be used as the heat transfer
fluid as well [26].
Windows account for a large part of the total building heating
and cooling load, regardless of adopting coatings, sealed glazing,
and tight gaskets [27]. The basic concept of the ventilated window
(VW) is to control the outdoor airflow passing through the cavity of
the double window. The aim of the VW is to decrease solar heat
gain through the window in summer and minimize the room
heating load and improve thermal comfort by utilizing the solar
radiation to preheat the ventilation air in winter [28]. Several
experimental and numerical research have investigated the VW
performance [29e35]. It is found out that the VW can decrease
cooling and/or heating demand and improve indoor thermal
comfort. However, the pretreated supply air temperature could not
reach the room air temperature [35]. Therefore, the supply air
temperature needs to be further heated or cooled by additional
means. PCM can be a good candidate to provide additional thermal
storage in the VW to form an active system for better performance
of the VW. In the summer night the PCM is cooled down by night
ventilation. It cools the ventilation air in the daytime to decrease
the room’s cooling load. While in winter, it stores the solar energy
in the daytime and heats up the air when heating demand is
present.
Few studies have investigated the combination of the VW and
PCM. In previous works, the authors demonstrated that a PCM heat
exchanger can cool down the ventilated air 6.5 C average and save
3.19 MJ energy per day based on a night ventilation experiment in
summer. The depth of PCM plates was also optimized based on the
numerical model, which can reduce the material cost by 16.9% in
Copenhagen, Denmark [21]. The authors also investigated the
ability of PCMVWpre-cooling in summer and pre-heating inwinter
through full-scale experiments in Aalborg, Denmark [36]. However,
whether the ventilation control strategy of PCMVW adopted in
previous work is the best remains to be answered. Moreover, the
cooling potential of the PCMVW in previous works was not high
enough, which may need extra elements to be added for
improvement. In this paper, the performance of the PCMVW is
examined by comparing it with two other ventilation systems. In
addition, the control strategies for summer and winter applications
are developed respectively with the adding of blinds control to
further enhance the energy-saving potential of the PCMVW.
Therefore, this paper investigates the ventilation control strat-
egy of the PCMVW through an EnergyPlus model for a 3-rooms
apartment with PCMVWs under Danish climate conditions. Later
on, the paper introduces a full-scale experiment in the façade lab of
Aalborg University to investigate the thermal properties of the
PCMVW. The experiment is done in 3 parts: night cooling appli-
cation, solar energy storage application and blinds for advanced
VW control. The simulation results are compared with the experi-
mental data. In addition, the PCMVW is compared to 2 other
ventilation systems in regards to the thermal and energy perfor-
mance. Lastly, the model is used for control strategy development
for summer night cooling application and winter solar energy
storage application respectively.
2. Model description
The apartment investigated is a part of a nearly zero-energy
residential building with high air tightness and low U value for
the constructions. It is a 3-rooms apartment on the second floor of a
3-floor residential building. Fig.1 shows the plan viewof the Danish
demonstration site and the floor plan of the apartment; rooms are
simulated as separate thermal zones, including four windows in
total. Only the southwest and northeast walls are set as externalwalls. Other walls are internal walls adjacent to internal thermal
zones. Table 1 shows the properties of the external walls. The
infiltration rate is set as 0.1 h1. The heating set point of the room is
22 C, and the cooling set point is 26 C, by the ideal load HVAC
system. An exhaust fan with 300 Pa pressure rise and total effi-
ciency of 0.7 drives and controls the outdoor air into the indoor
room through the heat exchanger and double glazing window. The
specific fan power of the fan fulfills the recommended “good-
practice” from the technical note AIVC 65 [37]. The daytime
ventilation airflow rate should be larger than the minimum
requirement of the fresh air per person or per floor area but should
be within the thermal comfort range so it does not cause draft to
the indoor environment. The ventilation flow rate is 30 m3/h/per-
son for all the three models.
The PCMVW model is separated into three thermal zones: the
room, the ventilatedwindow (VW), and the PCM heat exchanger, as
seen in Fig. 2. The VW is made by a double-glazing panel on the
outer surface, a single glazing panel on the inner side, and a
ventilated cavity in between them. The glass for both the double-
glazing and single glazing is 6 mm. A 13 mm air gap is in the
double glazing panel. Parallel PCM plates compose the PCM heat
exchanger. The thickness of the plates is 12.5 mm and the air gap
between two plates is 5 mm, which is based on the configuration
optimization in Ref. [21,38]. The thin PCM plates and relatively large
surface area make it faster to activate the PCM heat exchanger. The
inlet of the PCM heat exchanger is at the bottom of it. The outlet of
the PCM heat exchanger is connected to the ventilated window. The
outlet of the ventilated window is either to the indoor room or to
the outside environment. The between-glass internal shading is
made by venetian blinds with absorption coating (solar reflectance
coefficient ¼ 0.15) on one surface and reflection coating (solar
reflectance coefficient ¼ 0.6) on the other side. The absorption side
is turned on towards outdoor for winter solar storage application,
while the reflection side is turned on towards outdoor for summer
cooling application.
The Conduction Finite Difference (CondFD) heat balance algo-
rithm is used in EnergyPlus. It complements the conduction
transfer function (CTF) algorithm when simulating the phase
change material or materials with changeable thermal conductiv-
ities. The zone time step using the CondFD algorithm can be much
shorter than CTF. The algorithm uses a fully implicit scheme to solve
the heat transfer equations. The enthalpy as a function of the
temperature of the PCM is set as the input of the model. The heat










For PCM with hysteresis, the heat capacity depends not only on
the current state but also on the previous state. It presents the






i ; PhaseStatej; PhaseStateprev

(2)
The PCM in the heat exchanger part is a mixture of fiber (50%)
and paraffin wax (50%). The heat capacity of the compound was
measured by differential scanning calorimetry (DSC) technology in
previous work [21]. Fig. 3 shows the inputs of the PCMheat capacity
in EnergyPlus.
The internal loads include the people load and the electricity
load. The number of the person for the whole apartment is 1.72 and
the people load is 90 W/person, which is based on the surveys for
apartments in Denmark in Ref. [39]. The occupant schedule and the
Fig. 1. Plan view of the Danish demonstration site and the apartment used for the investigation.
Table 1
The properties of the external wall.
Material Thickness [m] Thermal Conductivity [W/m‧K] Resistance [m2‧K/W]
Wood 0.02 0.12 0.13
Insulation 0.25 0.04 6.62
Brick 0.31 0.77 0.40
Fig. 2. The overview of the VW þ PCM model.
Fig. 3. The heat capacity of the PCM measured by DSC [21].
Y. Hu et al. / Renewable Energy 155 (2020) 134e152136electricity schedule are shown in Fig. 4 and Fig. 5 based on the
survey in the report [40]. The people load is more in the evenings
and differs betweenweekdays and weekends. The electricity load is
also diverse between weekdays and weekends and differs among
the months. The electricity load at a full percentage (100%) is
592.18 W. The people load and the electricity load are evenly
distributed in each room based on the room area, see Table 2. The
people and electricity load at each hour are calculated as the
number of people  occupant fraction, maximum electricity
load  electricity fraction respectively.
The zone ventilation function is used for single-zone ventilation.
The zone mixing function calculates the air change and thermal
change between zones. The natural ventilation airflow rate is
calculated by the wind speed and thermal stack effect. The airflow
by wind speed effect is calculated by Equation (3).
Fig. 4. The occupant fraction in functions of time.
Fig. 5. The electricity fraction in functions of time.
Table 2
The distribution of internal heat gains.
Room 1 Room 2 Room 3
Number of people 0.941 0.463 0.332
Maximum electricity load(W) 324.05 158.54 109.59
Y. Hu et al. / Renewable Energy 155 (2020) 134e152 137Qw¼ CwAfschedulev (3)
Where Qw is the airflow rate driven by wind (m3/s), Cw is the
opening effectiveness, A is the opening area (m2), fschedule is the
schedule of opening fraction, v is the local wind speed (m/s).
The opening effectiveness is calculated by the angle between the
effective angle and real-time wind direction for each simulated
time step, as shown in Equation (4).
Cw¼0:55 jEffectiveAngleWindDirectionj180  0:25 (4)






Where Dh is the height from midpoint of lower opening to the
neutral pressure level (m); Ti is the zone air temperature (C); To is
the outdoor air temperature (C); Cs is the discharge coefficient for
opening, which is defined by Equation (6).
Cs ¼0:4þ 0:0045jTi  Toj (6)






2.1. Full-scale experimental test and model validation
The PCMWV is tested in the south surface of the façade lab at
Aalborg University. The window is equipped with a ventilation
system (including the ducts and valves) to create stable airflow in
the window. The experiments include 3 parts: testing the pre-
cooling ability of the PCMVW for night cooling application,
Y. Hu et al. / Renewable Energy 155 (2020) 134e152138measuring the pre-heating ability of the PCMVW for solar energy
storage application, and testing the reflection/absorption blinds
and self-cooling mode of the VW. The PCM temperature, air tem-
perature in the PCM heat exchanger and VW cavity are measured.
The measurement points are shown in Fig. 6. Temperature sensors
and pyranometers are set on the external surface to measure the
outdoor air temperature and the solar radiation the façade receives.
A weather station on the roof of the building is measuring the
weather conditions, include the wind speed and wind direction.
The aim of the experiment is to validate the numerical model.
The experiment thus simplified some of the control strategies. For
the summer night cooling application, in the experiment the
PCMVW is constantly ventilated. The same ventilation is set in the
numerical model, as well as the same outdoor weather conditions
and external shading for PCM. For the winter solar energy storage
application, the ventilation and outdoor weather conditions are set
for the experiment and numerical model of the PCMVW are set as
the same as well. For the blinds control, only the VW part with the
absorption/reflection blinds is ventilated and tested in the experi-
ment. The corresponding blinds are added and the ventilation is
only set in the VW in the numerical model.
2.2. Part 1: Night cooling application
The night cooling application experiment is done tomeasure the
pre-cooling ability of the PCMVW during hot weather conditions.
The PCM heat exchanger is shaded with external shading to avoid
temperature rise by the sunlight. The ventilated window is not
shaded during this experiment, see Fig. 7. The PCM is ventilated
during the nighttime, to be cooled down by the cold outdoor air. It
is then ventilated during the daytime, to pre-cool the ventilated
high-temperature outdoor air. The test is done from 12th July-16th
July 2017. Fig. 8 shows the measured outdoor weather conditions.
The minimum outdoor air temperature for all the measured daysFig. 6. The temperature seare below the PCM freezing temperature (20.7 C), which is
required for effective night cooling application.
Fig. 9 shows the PCM temperature, air temperature in the PCM
cavity, air temperature in the VW cavity from both experiment and
simulation results for night cooling application. It shows good
agreements between the experiment and simulation results. The
modeling average error for PCM temperature, PCM cavity, VW
cavity is 5.0%, 5.7% and 5.4% respectively, which is calculated based
on Equation (8). The modeling root mean square error (RMSE) for
PCM temperature, PCM cavity, VW cavity is 1.0 C, 1.3 C and 1.5 C
respectively, which is calculated based on Equation (9). The
weather input for the simulation is hourly data, which may cause a
part of the discrepancy.
error¼

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(9)2.3. Part 2: Solar energy storage application
The solar energy storage application aims at using the stored
solar energy to pre-heat the low-temperature ventilation, typically
during winter. The test is done from 02 to 07e2019 to 12-07-2019.
In this test, the PCM stores the solar energy during the daytime
(8:30e18:30), and releases the energy to pre-heat the ventilation
during the night time (18:30e8:30), as illustrated in Fig. 10. The
measured outdoor weather condition in Fig. 11 shows that the solar
radiation levels of the measured days are all different. For somensors in the PCMVW.
Fig. 7. The tested case for summer night cooling application. (a) Experimental setup; (b) sketch of the PCMVW with external shading.
Fig. 8. Measured outdoor weather data for summer night cooling application.
Y. Hu et al. / Renewable Energy 155 (2020) 134e152 139days there is high solar radiation, for some other days the solar
radiation is low.
Fig. 12 shows the PCM temperature, air temperature in the PCM
cavity, air temperature in the VW cavity from both experiment and
simulation results for solar energy storage application. Good
agreements can be found between the experiment and simulation
results. The modeling average error for PCM temperature, PCM
cavity, VW cavity is 12.5%, 7.1% and 6.8% respectively. The RMSE for
PCM temperature, PCM cavity, VW cavity is 2.4 C, 1.7 C and 1.7 C
respectively.2.4. Part 3: Adding blinds for advanced VW control
A blind with two different functional sides is developed to
improve the energy performance of the PCMVW. One side of the
blind is painted with a high reflection coating, while the other side
is painted with a high absorption coating. Fig. 13 shows the occa-
sions when the reflection/absorption side is applicable. For summer
cooling application, using reflection shading can decrease the solar
heat gain from the VW to the room, as well as decrease the inlet airtemperature for room ventilation. For the winter solar energy
storage application, using absorption blind can add heat to the VW,
thus increases the ventilation preheating effect. For the cases when
the indoor air temperature is too high, using shading in cooperation
with self-cooling natural ventilation can effectively decrease the
temperature of the VW, thus decreases the heat gain through the
window. The blinds not only regulates the air temperature in the
VW, but also act as an effective way of the daylight control of the
room, to avoid the direct sunlight exposure of the occupants from a
low hanging winter sun.
In this experiment, only the VW with reflection/absorption
blinds are tested and compared with the numerical model. The
PCM is not ventilated or tested.
The experiment tests the VW with reflection/absorption blind
under natural/mechanical ventilation respectively. The VW with
reflection blind under natural ventilation is tested in 14e10-2019.
The experiment is not done in continuous days because there are
no continuous sunny days during the tested period. Fig. 14 shows
the outdoor wind speed and wind direction. Fig. 15 shows the
outdoor air temperature, solar radiation on the vertical surface and
Fig. 9. Model validation of summer night cooling application. (a)PCM temperature; (b) air temperature in the PCM cavity; (c) air temperature in the VW cavity.
Fig. 10. The tested cases for winter solar energy storage application.
Y. Hu et al. / Renewable Energy 155 (2020) 134e152140temperature of the different glass surfaces. The positions of the
temperature sensors are in Fig. 2. There are good agreements be-
tween the measured glass surface temperature and simulated re-
sults. The modeling error for internal, middle 1, middle 2, external
sensors is 9.8%, 9.4%, 13.1% and 8.2% respectively. The RMSE for
internal, middle 1, middle 2, external sensors is 2.1 C, 2.0 C, 2.7 C
and 1.4 C respectively.
The VW with absorption blind under natural ventilation istested on 31-10-2019. Fig. 16 shows the outdoor wind condition.
Fig. 17 shows the outdoor air temperature, solar radiation on the
vertical surface and temperature of the different glass surfaces. The
same trends can be found with the experimental data and simu-
lation results. The modeling error for internal, middle 1, middle 2,
external sensors is 8.1%, 9.9%, 8.8% and 11.2% respectively. The RMSE
for internal, middle 1, middle 2, external sensors is 2.1 C, 2.9 C,
2.8 C and 1.6 C respectively.
Comparing the 3 experiments, it is seen that the model for night
cooling application has the best fit with the experimental results.
One possible reason is that the model is less influenced by solar
radiation, while the other 2 models are more influenced by solar
radiation, especially for blinds testing. The errors come from the
measurement uncertainty, uncertainties of material properties
provided by the manufacturer, and the unavoidable personal error
(for example, the blind is not possible to close at 100% close position
to avoid sunlight go through the gaps). Moreover, the hourly
average values of outdoor weather conditions are used in the
model, which can be a big contribution to the model uncertainty.
3. PCM ventilation performance
The PCMVW and its numerical model are developed and tested.
However, the cooling/heating ability of the PCMVW comparing to
other ventilation systems remains to be examined. In this chapter,
the building with PCMVW is compared with the same building
with other 2 ventilation systems: ventilated window without PCM
(VW, no PCM) and normal window without both ventilated win-
dow and PCM (no VW, no PCM). The heating and cooling energy
demands of the building are compared for summer night cooling
and winter solar energy storage applications respectively.
3.1. Summer night cooling effectiveness
The night cooling application is active during MayeOctober. 3
ventilation systems and their ventilation cooling abilities are
compared. The windows in the 3 systems have the same configu-
ration and material constitutes. Fig. 18 shows the system compo-
sitions and operation strategies of the 3 systems. The PCMVW
(Fig. 18(a)) has 3 operation modes: the heat removel mode during
the night time, where the cold outdoor air ventilate through the
Fig. 11. Measured outdoor weather data for winter solar energy usage application.
Fig. 12. Model validation of winter solar energy usage application. (a) PCM temperature; (b) air temperature in the PCM cavity; (c) air temperature in the VW cavity.
Y. Hu et al. / Renewable Energy 155 (2020) 134e152 141PCM to cool it down; the ventilation pre-cooling mode, where the
PCM cools down the ventilation where the indoor air temperature
is too high; the heat mode, where the ventilation only goes through
the double window (which is heated up by solar radiation) when
the indoor air is overcooled and heating is needed. As references,
the VW, no PCM (Fig. 18(b)) and no VW, no PCM (Fig. 18(c)) systems
are ventilated with the same time schedule and airflow rate.
Fig.19 shows the roomventilation inlet air temperature from 1st
August- 7th August. For room 1 (southwest room), the no VW, no
PCM system has the lowest inlet air temperature (which is close to
the outdoor air temperature), and the VW, no PCM system has the
highest inlet air temperature. For room 2 (northeast room), the
inlet air temperatures of the 3 systems show the same trends, and
are much lower than room 1 with the same ventilation system
(except for no VW, no PCM system, which has the same inlet air
temperature for the 2 rooms). It is because the windows facingsouthwest have more heat gains than the windows facing
northeast.
Fig. 20 shows the inner glass surface temperature of the 3 sys-
tems from 1st August- 7th August. The higher the inner glass sur-
face temperature, the higher the amount of heat gain the room gets
from the window. For both rooms, the no VW, no PCM system has
the highest glass surface temperature, and the PCMVW system has
the lowest inner glass surface temperature. The no VW, no PCM
system has no ventilation in the window cavity, thus the heat is
gathered in the air inside the cavity, which increases the glass
surface temperature. While for the PCMVW, the PCM cools down
the ventilation, and the relatively low-temperature air potentially
cools down the glass surface temperature.
The ventilation inlet air temperature and the inner glass surface
temperature are not showing the same trend. This indicates that
none of them can be used as an indicator to compare the ventilation
Fig. 13. The advanced strategy control with blinds.
Fig. 14. The outdoor wind condition of the tested day for natural ventilation with
reflection blind.
Fig. 15. The model validation of double window natural ventilation: with reflection
blind for the between-glass blind.
Fig. 16. The outdoor wind condition of the tested day for natural ventilation with
absorption blind.
Y. Hu et al. / Renewable Energy 155 (2020) 134e152142performance. The energy demands of the building with the 3 sys-
tems for the whole summer period are calculated and shown in
Fig. 21. For both rooms, the VW, no PCM system provides the
highest cooling energy demand for all the simulatedmonths, which
indicates a poor cooling ability of the VW. The PCMVWprovides the
lowest cooling energy demand. The heating energy demand is quitelow and is present in October. For room 1, the PCMVW reduction in
cooling energy demand is 46% compared to VW, no PCM system,
and the reduction is 27% compared to the no VW, no PCM system.
For room 2, the PCMVW reduction in cooling energy demand is 51%
and 38% compared to the other two systems respectively. Room 3
has the same orientation of the external wall as room 2, and the
sizes of the two rooms are similar. As a result, the energy demand
per square meter floor area is similar, therefore it is not discussed
here.3.2. Winter solar energy storage effectiveness
The solar energy storage application is active from Novem-
bereApril. The similar 3 systems and their ventilation heating
abilities are compared. Fig. 22 shows the system compositions and
operation strategies of the 3 systems. The PCMVW (Fig. 22(a)) has 2
operationmodes: the heat releasemode, where the ventilation pre-
heating is operated when the room is in low temperature; the
overheating preventing mode, where the bypass and self-cooling
ventilation is operated when the indoor air temperature is too
high; meanwhile, the PCM stores the solar energy when the sun-
light is available. The VW, no PCM system (Fig. 22(b)) has the same
ventilation schedule as the PCMVW except there is no PCM heat
Fig. 17. The model validation of double window natural ventilation: with absorption blind for the between-glass blind.
Fig. 18. Compare of PCMVW with 2 other ventilation systems for summer night cooling application.
Fig. 19. The room ventilation inlet air temperature of the 3 ventilation systems from 1st August- 7th August for summer night cooling application.
Y. Hu et al. / Renewable Energy 155 (2020) 134e152 143exchanger. The no VW, no PCM system (Fig. 22(c)) is only ventilated
with bypass ventilation.
Fig. 23 shows the room ventilation inlet air temperature during
the period 5th February- 23rd February. For both rooms, the
PCMVW has the highest inlet air temperature. The no VW, no PCM
system has the lowest inlet air temperature. With the same
ventilation system, the inlet air temperature of room 1 is muchhigher than room 2 (except for no VW, no PCM system, which has
the same inlet air temperature for the 2 rooms). The windows in
southwest façade have more solar heat gains than in northeast
façade.
Fig. 24 shows the inner glass surface temperature of the 3
ventilation systems during the period 5th February- 13th February.
For room 1 (southwest room), the no VW, no PCM system has the
Fig. 20. The inner glass surface temperature of the 3 ventilation systems from 1st August- 7th August for summer night cooling application.
Fig. 21. The building energy demand with the 3 different ventilation systems for summer night cooling application.
Fig. 22. Compare of PCMVW with 2 other ventilation systems for winter solar energy storage application.
Y. Hu et al. / Renewable Energy 155 (2020) 134e152144highest inner glass surface temperature, and the VW, no PCM sys-
tem has the lowest inner glass surface temperature. However, for
room 2 (northeast room), the no VW, no PCM system has thehighest inner glass surface temperature, while the PCMVWand the
no VW, no PCM systems have a similar inner glass surface tem-
perature for most of the time.
Fig. 23. The room ventilation inlet air temperature of the 3 ventilation systems from 5th February- 23rd February for winter solar energy storage application.
Fig. 24. The inner glass surface temperature of the 3 ventilation systems from 5th February- 23rd February for winter solar energy storage application.
Y. Hu et al. / Renewable Energy 155 (2020) 134e152 145For room 2 (northeast room), when comparing the PCMVW
system with the VW, no PCM system, both the ventilation inlet air
temperature and the inner glass surface temperature are similar.
The PCM does not have a high ventilation heating potential for
windows in northeast façade for some winter days, due to the low
solar radiation received. However, the situation will be changed
during March and May, when the received solar radiation level on
the northeast façade increases. This is shown in the energy demand
comparison, which can be seen in Fig. 25.
The energy demands of the buildingwith 3 different systems are
calculated separately, as shown in Fig. 25. For both rooms, the
PCMVW provides the lowest energy demand, and the no VW, no
PCM system the highest energy demand. For room 2, the energy
demand of the PCMVW and the VW, no PCM systems are similar in
December and January. Compared to the no VW, no PCM system
and the VW, no PCM system, for room 1, the PCMVW system re-
duces the heating energy demand by 29% and 48% respectively; for
room 2, the PCMVW system reduces the heating energy demand by
10% and 28% respectively.4. Control strategy development
The primitive control strategies of the PCMVW shown in Figs. 7
and 10 can risk the room with overheating, due to the direct solarheat gain through the window, or the excessive heat gain from the
ventilation. The control strategy shown in Fig. 18(a) has too high
room ventilation inlet air temperature during summer, which can
be improved by adding shading control. This section develops
control strategies to improve the pre-cooling efficiency of the
PCMVW. The thermal and energy performance of the PCMVWwith
different control strategies are analyzed by the numerical model
proposed in Section 2.4.1. Summer night cooling control strategies
Three control strategies are developed for summer night cooling
application. Strategy 1 increases between glass reflection shading
for the VW, to avoid high solar heat gain from the VW to the room,
as seen in Fig. 26. The heat mode is added as a part of the control
strategy, in case the room is overcooled and room heating is
needed. Based on strategy 1, strategy 2 improves the cold release
mode by ventilating directly from the PCM heat exchanger to the
room. The VW is self-cooled with natural ventilation, to further
avoid its temperature rise by solar radiation, as shown in Fig. 27.
Based on strategy 2, strategy 3 differentiates the heating/cooling
setpoint, and adds a bypass mode when the indoor air temperature
is in the comfortable range, see Fig. 28.
Fig. 29 shows temperature of the primitive strategy > strategy
Fig. 25. The building energy demand with the 3 different ventilation systems for winter energy storage application.
Fig. 26. The summer night cooling application control strategy 1.
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lowest, for the reason that during the daytime, the ventilation time
through PCM is the shortest compared to other control strategies.
For 5th August e 7th August, the PCM temperature of the 4 stra-
tegies are similar. The probable reason is that the night time out-
door air temperature is too high to cool the PCM the PCM
temperature of the PCMVW under different control strategies. For
both rooms, the PCM down below 21 C.
The ventilation inlet air temperature of the 4 control strategies
are quite different (as shown in Fig. 30), even though for some days
the PCM temperature are similar. For both rooms, the inlet air
temperature of primitive strategy > strategy 1 > strategy 3 > strat-
egy 2. For both the primitive strategy and strategy 1, the inlet air
temperature of room 1 is much higher than room 2, due to the
higher heat gain in the cavity of the ventilated window in room 1.
For strategy 2, the ventilation inlet air temperature of the 2 rooms
are similar, except 2nd August. Similarly, for strategy 3, the venti-
lation inlet air temperature of the 2 rooms are similar, except 3rdAugust, when the PCM temperature of the 2 rooms show a bigger
difference.
In comparison, strategy 3 has the lowest PCM temperature for
both rooms. However, strategy 2 has the lowest ventilation inlet air
temperature. The possible reason is that strategy 2 utilized the
cooling ability of the PCM more than strategy 3. Consequently,
strategy 2 has the least room energy demand, as seen in Fig. 31.
Fig. 31 shows the monthly energy demand using the 3 different
control strategies for summer night cooling application. In general,
room 1 has a higher energy demand than room 2, due to its
orientation (southwest). Control strategies 1, 2 and 3 have less
energy demand than the primitive strategy for all the simulated
months. Control strategy 3 has slightly higher energy demand than
strategy 2, due to the extra energy needed to handle the outdoor air
temperature to the thermal comfort temperature during bypass
mode. However, the difference between the two control strategies
is quite small. The application is robust for temperature setpoint.
From the overall energy demand of the system, the conclusion can
Fig. 27. The summer night cooling application control strategy 2.
Fig. 28. The summer night cooling application control strategy 3.
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Compared to the primitive strategy, the developed control strategy
(strategy 2) saves 62.3% of the energy for the room with windows
facing southwest, and 58.2% of the energy for the room with win-
dows facing northeast.
4.2. Winter solar energy usage strategies
For further improvement, 3 more control strategies are devel-
oped for the winter control strategy. Strategy 1 (in Fig. 32) adds
between glass absorption shading to increase the heat gain from
the VW. The VW ventilation is operating in heat storage mode, tomake use of the hot air in the VW for roomventilation. Moreover, to
avoid room overheating, the overheating preventing mode is added
by introducing double window self-cooling and bypass ventilation.
Based on strategy 1, strategy 2 (in Fig. 33) changes the heat release
mode by ventilating directly from the PCM heat exchanger to the
indoor room. Similarly, strategy 3 has a different heating/cooling
setpoint, and adds a bypass mode when the indoor air temperature
is in the comfortable range, see Fig. 34.
The PCM temperature in the PCMVW under different control
strategies from 5th February- 13th February are similar for each of
the 2 rooms, except for some days the primitive strategy has the
highest PCM temperature, which is shown in Fig. 35. In addition,
Fig. 29. The PCM temperature in the PCMVW using different control strategies from 1st August- 7th August.
Fig. 30. The ventilation inlet air temperature of the PCMVW using different control strategies from 1st August- 7th August.
Fig. 31. The energy demand using different control strategies for summer night cooling application.
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dicates that the PCM temperature is more related to solar radiation
and is robust against the control strategies.
The ventilation inlet air temperature, on the contrary, has some
differences among the 4 control strategies, as shown in Fig. 36. For
room 1, the primitive strategy has the highest inlet air temperature,
strategy 1 and 3 have similar inlet air temperature, except during
the afternoon, strategy 3 has a lower inlet air temperature, due tothe bypass mode. Strategy 2 has the lowest inlet air temperature in
most of the days, especially for the days when the PCM temperature
is low. It is due to the heat in the double window is not added to the
ventilation during the heat release mode. For room 2, the ventila-
tion inlet air temperature of primitive strategy > strategy
1 ¼ strategy 3 > strategy 2 for most of the time.
Fig. 37 shows the monthly energy demand of models using
different control strategies for winter solar energy storage
Fig. 32. The winter solar energy storage application control strategy 1.
Fig. 33. The winter solar energy storage application control strategy 2.
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strategy 1 has the least energy demand for all the simulated
months. The primitive control strategy has the highest inlet air
temperature. However, it is lacking in the overheating preventing
mode, which potentially increased the cooling energy demand.
Strategy 2 has the highest energy demand for all the simulated
months. The reason is that for both rooms, strategy 2 has the lowest
ventilation inlet air temperature, due to the heat in the window
cavity is not added into the ventilation. Compared to the primitive
strategy, the developed control strategy (strategy 1) saves 9.4% ofthe energy for the room with windows facing southwest, and 4.4%
of the energy for the room with windows facing northeast.
The control strategy development of summer night cooling
application hasmore improvement in energy efficiency thanwinter
solar energy storage application. The potential reason may be that
the amount of heat from the solar radiation is limited during
winter, so that the PCM is not heated up at very high temperatures
in most of the days. However, the air from the PCM heat exchanger
is still much higher than the outdoor air temperature. Overall, the
winter application is more robust regardless of what control
Fig. 34. The winter solar energy storage application control strategy 3.
Fig. 35. The PCM temperature in the PCMVW using different control strategies from 5th February- 13th February.
Fig. 36. The ventilation inlet air temperature of the PCMVW using different control strategies during 5th February- 13th February.
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Fig. 37. The energy demand using different control strategies for winter solar energy storage application.
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5. Conclusions
This paper proposed a PCM enhanced ventilated window
(PCMVW) system for ventilation pre-treatment purposes. The
system works in both summer and winter with different control
strategies. In the summer night cooling application, the PCM de-
creases its temperature by night ventilation, and later it is used for
ventilation pre-cooling purpose, by cooling down the high tem-
perature ventilated air during the daytime. In winter solar energy
storage application, the PCM stores solar energy during a sunny
day, and it is later used for ventilation preheating, by heating up the
low temperature ventilated air (mostly during the night time). This
paper aims to study the working principle of the PCMVW and to
provide sufficient control strategies for Danish buildings using the
PCMVW ventilation system.
The numerical model built in EnergyPlus is validated by a full-
scale experiment conducted in 3 parts: Summer night cooling
application, winter solar energy storage application and blinds with
advanced VW control including natural ventilation for self-cooling
and mechanical ventilation. The comparisons of the experiment
results and simulation data show that the models fit with the
experimental data in all aspects. The summer night cooling model
has higher accuracy than the winter energy storage model and
models with absorption/reflection blinds.
Some conclusions are drawnwhen comparing the PCMVWwith
2 other ventilation systems to test its thermal and energy perfor-
mance. Compared to the no VW, no PCM system and the VW, no
PCM system, the PCMVW for summer night cooling application
reduces the cooling energy demand by 46% and 27% respectively for
room 1, and 51% and 38% respectively for room 2; for winter solar
energy storage application, the PCMVW reduces the heating energy
demand by 29% and 48% respectively for room 1, and 10% and 28%
respectively for room 2.
The conclusions for control strategy development under Danish
weather conditions are:
The developed control strategy for summer night cooling
application is to use between-glass reflection shading, ventilate
directly from PCM heat exchanger to the room while applying VW
self-cooling for ventilation pre-cooling mode, and heat the room
with air from VW to prevent overcooling of the room. The model
chose different modes based on the indoor temperature sensor.
Compared to the primitive strategy, the developed control strategy
saves 62.3% of the energy for the room with windows facing
southwest, and 58.2% of the energy for the room with windows
facing northeast.
The developed control strategy for winter solar energy storage
application is to use between-glass absorption blind, make use ofthe hot air in VW, and to cool the VW by self-cooling and bypass
ventilation to prevent the overheating of the room. Compared to
the primitive strategy, the developed control strategy saves 9.4% of
the energy for the room with windows facing southwest, and 4.4%
of the energy for the room with windows facing northeast.
The orientations of the windows have no influence on the re-
sults of the developed control strategy. However, it has a big in-
fluence on the room’s energy demand. The room with southwest
facing windows has higher energy savings compared to the room
with northeast facing windows. Moreover, the control strategy
development of summer night cooling application has more
improvement in energy efficiency than winter solar energy storage
application. However, the energy demands among different control
strategies have no significant differences except for the primitive
control strategy for summer night cooling application. In general,
the energy saving potential of PCMVW is robust regardless of the
control strategies, especially for winter solar energy storage
application.
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